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Abstract

This study evaluates the simulation of Madden-Julian Oscillation (MJO) and convectively
coupled equatorial waves (CCEWS) in 20 Coupled Model Intercomparsion Project Phase 5
(CMIP5) models participating in the Inter-governmental Panel on Climate Change (IPCC) Fifth
Assessment Report (AR5), and compares the results with the simulation of CMIP Phase 3
(CMIP3) models participating in the IPCC Fourth Assessment Report (AR4). The results show
that the CMIP5 models improve significantly over the CMIP3 models in simulating the tropical
intraseasonal variability. The CMIP5 models generally produce larger total intraseasonal (2-128
day) variance of precipitation than the CMIP3 models, as well as larger variances of Kelvin,
equatorial Rossby (ER), mixed Rossby-gravity (MRG), and eastward inertio-gravity (EIG)
waves. Almost all models have signals of the CCEWSs, with Kelvin and MRG-EIG waves
especially prominent. The phase speeds, as scaled to equivalent depths, are close to the observed
value in 10 of the 20 models, suggesting that these models are producing sufficient reduction in
their “effective static stability” by diabatic heating.

The CMIP5 models generally produce larger MJO variance than the CMIP3 models, and a
more realistic ratio between the variance of the eastward MJO and that of its westward
counterpart. About one third of the CMIP5 models generate the spectral peak of MJO
precipitation between 30-70 days, but the model MJO period tends to be longer than
observations as part of an over-reddened spectrum, which in turn is associated with too strong
persistence of equatorial precipitation. Only one of the 20 models is able to simulate a realistic

eastward propagation of the MJO.
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1. Introduction

The tropical intraseasonal variability plays an important role in the global climate system and
is a key source of untapped predictability in both the tropics and extratropics (e.g. Wheeler and
Kiladis 1999, hereafter WK; Wheeler and Weickmann 2001; Schubert et al. 2002; Waliser et al.
2003a; Zhang 2005; Lin et al. 2006). The dominant tropical intraseasonal modes include the
Madden-Julian Oscillation (MJO, Madden and Julian 1971) and convectively coupled Kelvin,
equatorial Rossby, mixed Rossby-gravity (MRG), eastward inertio-gravity (EIG), and westward
inertio-gravity (WIG) waves (Takayabu 1994; WK). These modes strongly affect the tropical
weather such as the onset and breaks of different monsoon systems (e.g. Yasunari 1979; Wheeler
and McBride 2005) and formation of tropical cyclones in all ocean basins (e.g. Liebmann et al.
1994; Maloney and Hartmann 2001; Besafi and Wheeler 2006; Klotzbach 2010). On longer time
scales, the tropical intraseasonal modes are influential in the triggering and termination of El
Nino/Southern Oscillation (ENSO) events (Kessler et al. 1995; Takayabu et al. 1999; Bergman et
al. 2001). The presence of intraseasonal variability in the initial state of a seasonal forecast
system can substantially modulate the prediction of ENSO (Wang et al. 2011) As a strong
tropical heating source, the MJO also drives teleconnections to the extratropics affecting
precipitation events in North and South Americas (e.g. Mo and Higgins 1998; Jones and
Schemm 2000) and both the Arctic and Antarctic Oscillations (Miller et al. 2003; Carvalho et al.
2005).

Unfortunately, poor simulation of the tropical intraseasonal variability has been a pervasive
problem in the last several generations of global climate models (Slingo et al. 1996; Lin et al.
2006; Zhang et al. 2006; Sperber and Annamalai 2008; Kim et al. 2009; Weaver et al. 2011). The

Atmospheric Model Intercomparison Project (AMIP) study by Slingo et al. (1996) found that no
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model has captured the dominance of the MJO in space-time spectral analysis found in
observations, and nearly all have relatively more power at higher frequencies (<30 days) than in
observations. Lin et al. (2006) evaluated the tropical intraseasonal modes in 14 GCMs
participating in the Coupled Model Intercomparison Project Phase 3 (CMIP3) used to inform the
Inter-governmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4). They
found that the total intraseasonal (2-128 day) variance of precipitation is too weak in most of the
models. About half of the models have signals of convectively coupled equatorial waves, with
Kelvin and MRG-EIG waves especially prominent. However, the variances are generally too
weak for all wave modes except the EIG wave, while the phase speeds are generally too fast,
being scaled to excessively deep equivalent depths. Interestingly, this scaling is consistent within
a given model across modes, in that both the symmetric and antisymmetric modes scale similarly
to a certain equivalent depth. Excessively deep equivalent depths suggest that these models may
not have a large enough reduction in their “effective static stability” by diabatic heating. The
MJO variance approaches the observed value in only two of the 14 models, however is less than
half of the observed value in the other 12 models. The ratio between the eastward MJO variance
and the variance of its westward counterpart is too small in a majority of the models, which is
consistent with the lack of highly coherent eastward propagation of the MJO in these model
simulations. Moreover, the MJO variance in 13 of the 14 models does not derive from a
pronounced spectral peak, however usually comes as a result of an over-reddened spectrum,
which in turn is associated with too strong persistence of equatorial precipitation. The two
models that arguably do best at simulating the MJO are the only ones having convective

closures/triggers linked in some way to moisture convergence.
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Recently, there have been targeted efforts in improving the simulation of tropical
intraseasonal variability in global climate models Factors found important for increased fidelity
of the simulation of tropical intraseasonal variability include moisture convective trigger (e.g.
Wang and Schlesinger 1999; Lin et al. 2008; Kim and Kang 2012; Kim et al. 2012) or diluted
CAPE closure (Subramanian et al. 2011; Zhou et al. 2012), interaction between deep and shallow
convection (Zhang and Song 2009), interaction between deep convection and stratiform
precipitation (Fu and Wang 2009; Seo and Wang 2010), vertical heating profile (Li et al. 2009),
convective momentum transport (Deng and Wu 2010; Zhou et al. 2012), cloud-radiation
feedback (Lin et al. 2007; Kim et al. 2011), and time-mean state (Sperber and Annamalai 2008;
Kim et al. 2009).

In preparation for the IPCC Fifth Assessment Report (AR5), nearly two dozen international
climate modeling centers conducted simulations for the fifth phase of the Coupled Model
Intercomparison Project (CMIP5; Taylor et al. 2012). The CMIP5 simulations include a
comprehensive set of long-term simulations for both the 20" century’s climate and various
climate change scenarios for the 21% century. Scientific questions that arose during preparation
of the IPCC AR4 will be addressed through the CMIP5, which is a standard protocol providing a
framework for climate change experiments and simulations for assessment in the IPCC ARS.
Compared to the CMIP3 models, the CMIP5 models generally have higher resolutions and
improved physical schemes. Some of the CMIP5 models also evolve from “climate system
models” to “earth system models” that include biogeochemical components and time-varying
carbon fluxes between the ocean, atmosphere, and terrestrial biosphere. Therefore, it is of great
interest and important to evaluate general performance of the new generation of climate models

used for climate projections in the IPCC AR5. This study focuses on the simulations of tropical



131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

intraseasonal variability in this new generation of climate models and assesses the effect of the
updated physical processes, higher resolution, and interactive carbon cycle.

The models and validation datasets used in this study are described in section 2. The
diagnostic methods are described in section 3. Results are presented in section 4. A summary and

discussion are given in section 5.

2. Models and validation datasets

For direct comparison with Lin et al. (2006), we use eight years of historical simulations
from 20 coupled GCMs in CMIP5. Table 1 shows the model names and acronyms. For each
model, we use eight years of daily mean surface precipitation. The model simulations are
validated using multiple observational datasets. To bracket the uncertainties associated with
precipitation measurements/retrievals, we use two different precipitation datasets (as in Lin et al.
2006.) that cover eight years from 1997 to 2004. The first set is the daily Geostationary
Operational Environment Satellite (GOES) Precipitation Index (GPI; Janowiak and Arkin 1991)
with a horizontal resolution of 2.5° latitude by 2.5° longitude, which is retrieved based on
infrared (IR) measurements from multiple geostationary satellites. The second eight year set is
the daily Global Precipitation Climatology Project (GPCP) 1° daily (1DD) precipitation

(Huffman et al. 2001) with a horizontal resolution of 1° longitude by 1° latitude.

3. Method
The methods used in this study are identical to those used in Lin et al. (2006) for evaluating
the CMIP3 models, which followed the methodology of WK. We will briefly outline this

procedure here, and refer the reader to Lin et al. (2006) and WK for further details. First, in order
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to identify the dominant intraseasonal modes, space-time spectra of daily tropical precipitation
were obtained for the eight years of model data used in this study and compared with the results
of eight years of observed precipitation estimates from the GPI and 1DD datasets. The model and
validation precipitation data were first averaged to a zonal resolution of 5 degrees longitude, and
then the 0°N-15°N mean and 0°N-15°S mean were calculated. The symmetric component is
defined as the sum of 0°N-15°N mean and 0°N-15°S mean divided by 2, while the anti-
symmetric component is defined as the difference between 0°N-15°N mean and 0°N-15°S mean
divided by 2. Then the wavenumber —frequency spectra were calculated for both the symmetric
and anti-symmetric components. Secondly, the definitions of Kelvin, ER, MGR, EIG and WIG
modes are as in WK (see their Fig. 6), and were isolated using the same method, each mode was
isolated by filtering in the wavenumber-frequency domain (see Fig. 6 of WK for the defined
regions of filtering for each wave), and the corresponding time series were obtained by an
inverse space-time Fourier transform. Thirdly, the MJO is defined as significant rainfall
variability in eastward wavenumber 1-6 and in the period range of 30-70 days. To isolate the
MJO mode, we used an inverse space-time Fourier transform to get the time series of the
eastward wavenumber 1-6 component, which includes all available frequencies. Then these time
series were filtered using a 365-point 30-70-day Lanczos filter (Duchan 1979), whose response
function is shown in Fig. 2 of Lin et al. 2006). Since the Lanczos filter is nonrecursive, 182 days
of data were lost at each end of the time series (364 days in total). The resultant eastward
wavenumber 1-6, 30-70-day anomaly is hereafter referred to as the MJO anomaly. The variance
of the MJO anomaly was also compared with the variance of its westward counterpart, that is,
the westward wavenumber 1-6, 30-70-day anomaly, which is isolated using the same method as

above.
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It is important to note that we only focus on the intraseasonal variability, which propagates
eastward and amplifies to a seasonal maximum on the equator in boreal winter and spring, when
climatological convection and warm SST cross the equator (Salby and Hendon 1994; Zhang and
Dong 2004; Wheeler and Hendon 2004). Analysis of the Boreal Summer Intraseasonal
Oscillation (BSIO; e.g. Yasunari 1979; Knutson et al. 1986; Kemball-Cook and Wang 2001;
Lawrence and Webster 2002; Straub and Kiladis 2003; Waliser et al. 2003b; among many
others), which has a major northward propagating component and has its maximum variance in

the Asian monsoon region, is beyond the scope of this study.

4. Results
a. Climatological precipitation in the equatorial belt

Previous observational studies indicate that the intraseasonal variance of convection is highly
correlated with time-mean convective intensity (e.g., WK; Hendon et al. 1999). Therefore, we
first examine the eight-year time-mean precipitation along the equatorial belt, especially over the
Indo-Pacific warm pool region, where most of the convectively coupled equatorial waves have
the largest variance (WK). Figure 1a shows the annual mean precipitation versus longitude
averaged between 15°N and 15°S. To focus on the large-scale features, we smoothed the data
zonally to retain only zonal wavenumbers 0-6. Similar to the CMIP3 models, those from the
CMIP5 reproduce the basic feature of observed precipitation, with primary maximum over the
Indo-Pacific warm pool region, and two secondary maxima over Central/South America and
Africa. The magnitude of the precipitation over the warm pool in all models is close to that in the
observations. Compared to the CMIP3 models, a notable improvement in the CMIP5 models is
more realistic precipitation over the eastern Indian Ocean. However, within the warm pool

region, only five models (CanESM2, CanCM4, CSIRO, INMCM4, and FGOALS) reproduce the
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local minimum of precipitation over the Maritime Continent. Outside the warm pool region, the
common biases for the CMIP3 models of excessive rainfall throughout the eastern Pacific and
insufficient rainfall over Central/South America still exist in most of the CMIP5 models.

When the precipitation is averaged over a narrower belt closer to the equator between 5°N
and 5°S, models show a larger scatter in their performance, especially over the Indo-Pacific
warm pool (Fig. 1b). Some models (e.g., IPSL-5BL, MIROC4h, HadG2-ES, and MRI3) produce
much greater precipitation over the western Pacific than over the eastern Indian Ocean, a feature
that is not observed. On the other hand, several other models (CSIRO, INMCM4, IPSL-5AL, and
IPSL-5AM) show too strong precipitation over the eastern Indian Ocean, and too weak
precipitation over the western Pacific, which is significantly smaller than their corresponding
15°N-15°S average (Fig. 1a). This is caused by the double-ITCZ pattern in their horizontal
distributions (not shown), and the problem is even worse in the CMIP5 simulations than in the
CMIP3 models. Outside the warm pool region, all models produce much larger precipitation than
observations over the western Indian Ocean and eastern Pacific, and all models except CSIRO
simulate excessive precipitation over the Atlantic Ocean.

In short, the climatological precipitation over the Indo-Pacific warm pool is reasonably
simulated by the CMIP5 climate models, except that several models (CSIRO, INMCM4, IPSL-
5AL, and IPSL-5AM) produce too weak precipitation on the equator in the western Pacific due
to their double-ITCZ problem. The CMIP5 models generally produce better annual mean
precipitation over the Indo-Pacific warm pool region than the CMIP3 models. However, the
simulations in the western Indian Ocean, eastern Pacific, South America and the Atlantic Ocean

still need to be improved.
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b. Total intraseasonal (2-128 day) variance and raw space-time spectra

Figures 2a and 2b show the total variance of the 2-128-day precipitation anomaly along the
equator averaged between 15°N-15°S and 5°N-5°S, respectively. The CMIP5 models generally
simulate larger total intraseasonal variance than the CMIP3 models. About half of the CMIP5
models produce total intraseasonal variance that is close to or larger than observations over the
Indo-Pacific warm pool, especially the western Pacific. For CMIP3, only two or three models
simulated variances that are close to observations (Lin et al. 2006). There is a tendency for the
CMIP5 models to have larger variance over the western Pacific than over the Indian Ocean,
which is consistent with their tendency to have larger annual mean precipitation over the western
Pacific (Fig. 1), and was also a feature for the CMIP3 models.

Figure 3 shows the raw symmetric wavenumber-frequency power spectra of equatorial
precipitation. Here we present only spectra of the symmetric component, as characteristics of the
anti-symmetric spectra are similar to those of the symmetric spectra. Note that the powers are
drawn in log-scale. Figure 3 demonstrates two points. First, the models spectra tend to be over-
reddened than observations with less power at periods shorter than 6 days, although a few
models (CanESM2, CanCM4, CNRM-CM5, and MIROC4h) have powers comparable to
observation at the short time scales. Secondly, for the MJO time scale (period > 30 days), nine of
the 20 models (CNRM-CM5, CSIRO, IPSL-5BL, FGOALS, MIROC5, HadCM3, MPI-E-L,
MRI3, and NorE1-M) exhibit power that is comparable to observations. These models also tend
to simulate stronger eastward power than westward at the MJO time scale, which is an

improvement over the CMIP3 model simulations (Lin et al. 2006).
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c. Dominant intraseasonal modes

In Figure 4 and Figure 5, symmetric and anti-symmetric waves are identified by removing
background spectra from the raw symmetric and anti-symmetric spectra, respectively. The waves
include the MJO and convectively coupled Kelvin, ER, MRG, EIG and WIG waves. The CMIP5
models improve significantly over the CMIP3 models in simulating the signals of MJO and
convectively coupled equatorial waves. Almost all CMIP5 models are able to simulate
convectively coupled equatorial waves, especially the Kelvin and the MRG-EIG waves, although
the Kelvin wave signal is not distinctive in IPSL-5BL and the MRG-EIG waves are not well
simulated by INMCM4 and IPSL-5AM. Moreover, the equivalent depth of the waves in 10 of
the 20 models (CanESM2, CanCM4, CCSM4, FGOALS, MIROC5, HadCM3, HadG2-CC,
HadG2-ES, MPI-E-L, and NorE1-M) is around the observed value of 25 m, although it is too
deep in five models (INMCM4, IPSL-5AL, IPSL-5AM, MIROC-E, and MIROC-EC) and too
shallow in two models (CNRM-CM5, and MRI3). These are encouraging results because only
half of the CMIP3 models have signals of convectively coupled equatorial waves, and the
equivalent depth of the waves was generally too high (Lin et al. 2006). As in the CMIP3 models,
the equivalent depth of waves is consistent within one model. As discussed in Lin et al. (2006),
correct equivalent depth suggests that the models are producing a large enough reduction in their
“effective static stability” from diabatic heating.

About half of the CMIP5 models (CNRM-CM5, CSIRO, IPSL-5AL, IPSL-5BL, MIROCS,
HadCM3, MPI-E-L, MRI3, and NorE1-M) exhibit the spectral peak of the MJO, and powers of
eastward propagating components near the MJO time scale are more distinctive than that of

westward propagating ones. This is promising when compared to the results of CMIP3 models,
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where 4 out of 14 models showed such features, and it suggests that there has been progress in
MJO modeling between CMIP3 and CMIP5.

When a model displays signals of a certain wave mode in Figs. 4 and Fig. 5, it means that the
variance of that wave mode stands out above the background spectra (i.e., a high signal-to noise
ratio), but the absolute value of the variance of that wave may not be large. Therefore, it is of
interest to look at the absolute values of the variance of each wave mode. Figures 6a-e, show the
variances of the Kelvin, ER, MRG, EIG, and WIG modes along the equator averaged between
15°N and 15°S. For the Kelvin mode (Fig. 6a), the CMIP5 models generally show larger
variance than the CMIP3 models although the CMIP5 model variances are still smaller than
observations. Some models (CCSM4, CNRM-CM5, FGOALS, MIROC4h, MIP-E-L, MRI3, and
NorE1-M) even capture the observed longitudinal distribution. For the ER mode (Fig. 6b), the
CMIP5 models generally produce larger variances than the CMIP3 models with two models
(FGOALS and MPI-E-L) faithfully reproducing the observed magnitude and longitudinal
distribution of the variance. For the MRG mode (Fig. 6¢), which is important for tropical cyclone
genesis, again the CMIP5 models generally simulate stronger variances than CMIP3 models with
their largest amplitude over the Indo-Pacific region as in observations, however all modes
produce too small variances although their largest amplitudes are located over the Indo-Pacific
region, which is same as in observations. For the EIG mode (Fig. 6d), there is a large scatter in
the simulated variances. Only three models (CNRM-CM5, IPSL-5AM, and HadG2-ES) produce
nearly realistic magnitude and are able to capture the observed two maxima over the warm pool
region. Several models (IPSL-5BL, FGOALS, MPI-E-L, and MRI3) produce overly strong

variances, while others (e.g. INMCM4, IPSL-5AL, MIROC-E, and MIROC-EC) simulate overly
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weak variances. For the WIG mode (Fig. 6e), all models simulate too weak variance except

CNRM-CMB5, which produces nearly realistic variance over the western Pacific.

d. Variance of the MJO mode

In this section, the focus turns to the MJO mode, specifically the daily variance in the MJO
window of eastward wavenumbers 1-6 and periods of 30-70 days. Figure 7a shows the variance
of the MJO anomaly along the equator averaged between 15°N and 15°S. The CMIP5 models
generally produce much larger MJO variance than the CMIP3 models. For CMIP3, there were
only two models with MJO variance larger than half of the observed values, while for CMIP5,
there are seven models (CNRM-CM5, CSIRO, IPSL-5BL, FGOALS, MRI-3, MIROCS5, and
MPI-E-L) with MJO variance larger than half of the observed values over eastern Indian Ocean
and/or western Pacific. Most of models produce the maximum variance over the eastern Indian
Ocean. This is a significant improvement of the global climate models since too weak
precipitation variance in the MJO wavenumber-frequency band has been a long-standing
problem in GCMs, in spite of the fact that many of these models have reasonable values of zonal
wind variance. From the viewpoint of weather and climate prediction, a realistic MJO
precipitation signal is highly desirable because it is the latent heat released by precipitation that
drives teleconnections to the subtropics and extratropics and leads to useful predictability.

The 15°N-15°S belt, analyzed above is a wide belt. As shown by Wang and Rui (1990),
eastward-propagating MJO precipitation events occur most often on the equator, with the
frequency of occurrence decreasing away from the equator. Therefore, it is of interest to see if
the models capture this equatorial maximum of MJO variance. Figure 7b is same as Fig. 7a

except precipitation averaged between 5°N and 5°S. For both of the two observational datasets,
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the variance of the 5°N-5°S average is about twice as large as that of the 15°N-15°S average.
CNRM-CMS5 and IPSL-5BL produce very realistic MJO precipitation variance, with the variance
of CNRM-CMS5 particularly agrees with GPI dataset throughout the entire Indian Ocean and the
western Pacific. Three other models (CSIRO, MPI-E-L, and MRI3) also simulate large MJO
variance close to the equator, although the models with a double-ITCZ pattern produce large
variance only over the Indian Ocean but not the western Pacific.

In addition to the variance of the eastward MJO, another important index for evaluating the
MJO simulation is the ratio between the variance of the eastward MJO and that of its westward
counterpart, that is, the westward wavenumber 1-6, 30-70-day mode, which is important for the
zonal propagation of tropical intraseasonal oscillation. Figure 8 shows the ratio between the
eastward and westward variance averaged over an Indian Ocean box between 5°N-5°S and 70°-
100°E (panel a), and a western Pacific box between 5°N-5°S and 140°-170°E (panel b). Over the
Indian Ocean (Fig. 8a), the eastward MJO variance roughly triples the westward variance in
observations. The CMIP5 models generally produce a larger ratio than the CMIP3 models, with
two of the 20 models (CNRM-CM5 and CSIRO) simulating a realistic or too large ratio, six
other models (IPSL-5AL, IPSL-5AM, IPSL-5BL, MIROC5, MPI-E-L, MRI3, and NorE1-M)
generating a ratio larger than 2, and no model producing a ratio smaller than one (i.e., westward
variance dominates over eastward variance). Over the western Pacific (Fig. 8b), again, the
eastward MJO variance nearly triple its westward counterpart in observations. Many models
generally perform poorly over the western Pacific with the ratio less than one, which may be due
to the double-ITCZ problem in many of the models or being unable to simulate the propagation
from the Indian Ocean to the western Pacific. Only two models (CNRM-CM5 and FGOALS)

produce a nearly realistic ratio, while seven models generate a ratio smaller than one.
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The competition between the eastward MJO variance and its westward counterpart largely
determines the zonal propagation characteristics of the tropical intraseasonal oscillation. A useful
method for evaluating the MJO simulation is to look at the propagation of the30-70-day filtered
anomaly of the raw precipitation data, which includes all wavenumbers (zonal mean, eastward
wavenumbers 1-6, westward wavenumbers 1-6, eastward wavenumbers 7 and up, westward
wavenumbers 7 and up), to ascertain if the MJO mode (the eastward wavenumbers 1-6 mode)
dominates over other modes, as is the case in the observations (e.g., Weickmann et al. 1985,
1997; Kiladis and Weickmann 1992; Lin and Mapes 2004). Since the tropical intraseasonal
oscillation is dominated by zonally asymmetric, planetary-scale phenomena, the competition is
mainly between the MJO and it westward counterpart — the westward wavenumbers 1-6
component. Figure 9 shows the lag correlation of the 30-70-day precipitation anomaly averaged
between 5°N and 5°S with respect to itself at 0°, 85°E. Both observational datasets show
prominent eastward-propagating signals of the MJO, with a phase speed of about 7 m s™. The
models display a wide range of propagation characteristics that are consistent with the ratio
between the eastward MJO variance and its westward counterpart shown in Fig. 8a. The two
models with a realistic or too large ratio (CNRM-CM5 and CSIRO) show a highly coherent
eastward-propagating signal. The phase speed is slightly slower than observations in CNRM-
CM5, however is much slower than observations in CSIRO. The seven models (IPSL-5AL,
IPSL-5AM, IPSL-5BL, MIROC5, MPI-E-L, MRI3, and NorE1-M) with the eastward/westward
ratio in the Indian Ocean being larger than two but smaller than in observations show only
discernable eastward-propagating signals and the phase speeds tend to be too slow. Other models

with the ratio being nearly equal to one show standing oscillations. The results are poor when
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using a western Pacific reference point (not shown), which is consistent with the worse
eastward/westward ratio in Fig. 8b.

Next we apply a more detailed scrutiny of the MJO precipitation variance by looking at the
shape of the power spectrum. Figure 10 shows the normalized spectra of the eastward
wavenumber 1-6 component at 0°, 85°E. Both of the observational datasets show prominent
spectral peaks between 30-and 70-day periods, with the power of 1DD lower than that of GPI.
Compared to the CMIP3 models, a big improvement of the CMIP5 models is that five models
(CNRM-CM5, IPSL-5AL, IPSL-5BL, CSIRO, and MIROCS5) produce the 30-70 day spectral
peak of the MJO, while for CMIP3 only two models were able to generate the spectral peak of
the MJO. However, the period of MJO in four of the above five CMIP5 models is between 45-70
days, which is longer than in observations. The only model showing a nearly correct MJO period
is IPSL-5BL. Moreover, the normalized spectra of the models are over-reddened with too much
variance at the low frequency end, suggesting the model precipitation is more persistent than

observation. We’ll come back to this point in the next subsection.

e. Autocorrelation of precipitation

The autocorrelation analysis is similar as in Lin et al. (2006). For the first-order Markov
process (Equation (1) in Lin et al. 2006), the redness of the spectrum is determined by its lag-one
autocorrelation p (Equation (2) in Lin et al. 2006). Therefore, we plot in Fig. 11 the
autocorrelation function of precipitation at 0°, 85°E. Both observational datasets have a p of
about 0.7. The CMIP5 models generally produce a smaller value of p than CMIP3 models. Three
of the twenty CMIP5 models (MIROC4H, MIROC-E, and MIROC-EC) have a p similar to or

smaller than the observed value. Moreover, the autocorrelation values at longer time lags are
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generally smaller and more realistic in the CMIP5 models than in the CMIP3 models, which is
consistent with the better MJO spectral peaks in the CMIP5 models. Nevertheless, all the CMIP5
models analyzed in this study have too large values of p at the lag beyond 5 days, suggesting that
they have too strong persistence of precipitation, which is closely associated with their
overreddened spectra. This may contribute to the too long MJO period (50-90 days) and too slow
MJO phase speed in those models (Figs. 9 and 10). In addition to the shape of the spectrum, the
precipitation persistence also affects the modes at the high-frequency end of the spectrum, such
as the WIG mode (the 2-day wave). A too strong persistence tends to suppress the high-

frequency modes and may contribute too weak variances of these modes in the models (Fig. 6e).

5. Summary and discussions

This study evaluates the tropical intraseasonal variability, especially the MJO and CCEWs,
simulated by 20 CMIP5 coupled GCMs. The results are compared with the simulations of 14
CMIP3 models evaluated by Lin et al. (2006). The results show that the CMIP5 models improve
significantly over the CMIP3 models in simulating the tropical intraseasonal variability. The
CMIP5 models generally produce larger total intraseasonal (2-128 day) variance of precipitation
than the CMIP3 models, as well as larger variances of Kelvin, ER, MRG and EIG waves. About
half of the models have signals of convectively coupled equatorial waves, with Kelvin and
MRG-EIG waves especially prominent, and the phase speeds are generally realistic, being scaled
to correct equivalent depths. Correct equivalent depths suggest that these models are producing
large enough reduction in their “effective static stability” by diabatic heating.

The CMIP5 models generally produce larger MJO variance than the CMIP3 models, and a

more realistic ratio between the eastward MJO variance and the variance of its westward
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counterpart. About one third of the CMIP5 models generate the spectral peak of MJO
precipitation between 30-70 days. However, the phase speeds of the model MJO tend to be too
slow and the period is longer than observations as part of an over-reddened spectrum, which in
turn is associated with too strong persistence of equatorial precipitation.

For CMIP5, several modeling centers provided a series of models with varying complexity
and spatial resolutions ranging from Atmosphere-Ocean global climate system models
(AOGCMs), to more comprehensive earth system models (ESMs), including some that are
coupled to chemical models. They are usually using the same atmospheric model but sometime
with different resolutions. Among the 20 models we analyzed, we have four such groups
evolving “standard models” (i.e., AOGCMs) and earth system models (ESMs): (1) CanCM4 and
CanESM2, (2) IPSL-CM5A-LR and IPSL-CM5A-MR, (3) MIROC5, MIROC-E, and MIROC-
EC, and (4) HadCM3, Had-G2-CC, and Had-G2-ES. Within each group, there is on significant
difference in the skill of simulating the MJO or convectively coupled equatorial waves,
suggesting the simulated tropical intraseasonal variability is not sensitive to model resolution or
chemical processes.

Our results show that the too strong persistence of precipitation in many CMIP3 models has
been reduced in the CMIP5 models, which may contribute to the improvement of model
simulations of tropical intraseasonal variability. However, the persistence of precipitation in
many CMIP5 models is still larger than observations (Fig. 10). The weak persistence of
precipitation in observations may be associated with the well-known self-suppression processes
in deep convection, with convective downdrafts reducing the entropy of the boundary layer and
the mesoscale downdrafts reducing the entropy of the lower troposphere, and diluted convective

updrafts being sensitive to the change of boundary layer and lower troposphere entropy (see
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more detailed discussion in Lin et al. 2006 and references therein). The current GCMs have not
included all the above self-suppression processes in deep convection, especially the effects of
mesoscale downdrafts. Better representation of these physical processes may help to further
improve the simulation of tropical intraseasonal variability.

Many CMIP5 models are able to simulate much larger MJO variance than the CMIP3
models, and can even produce the 30-70 day spectral peak of MJO. These are notable
improvements in MJO modeling. Models generating large MJO variance and the 30-70 day
spectral peak (e.g., CNRM-CM5, CSIRO, IPSL-5BL, and MIROCS5) have different types of
convective closure (Table 1), suggesting that better simulations of MJO variance and spectral
peak are not linked to a specific type of convective closure. However, the eastward propagation
of MJO is still difficult to reproduce. The only model that can produce a realistic eastward
propagation of MJO (CNRM-CM5) is the only model using a moisture-convergence-type closure
for convection, suggesting that the low-level moisture convergence may play an important role in

the MJO’s eastward propagation.
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FIGURE CAPTIONS

Fig. 1 Annual mean precipitation along the equatorial belt averaged between (a) 15°N and 15°S, and (b)
5°N and 5°S for two observational datasets and 20 models. The data are smoothed zonally to retain only
wavenumber 0-6. The locations of continents within the equatorial belt are indicated by black bars under
the abscissa.

Fig. 2 Variance of the 2-128 day precipitation anomaly along the equator averaged between (a) 15°N-
15°S, and (b) 5°N-5°S.

Fig. 3 Space-time spectrum of 15°N-15°S symmetric component of precipitation. Frequency spectral
width is 1/128cpd.

Fig. 4 Space -time spectrum of the 15°N-15°S symmetric component of precipitation divided by the
background spectrum. Superimposed are the dispersion curves of the odd meridional mode numbered
equatorial waves for the five equivalent depths of 8, 12, 25, 50, and 90 m. Frequency spectral width is
1/128 cpd.

Fig. 5 As in Fig. 4 except for the 15°N-15°S antisymmetric component of precipitation.

Fig. 6 Variances of (a) Kelvin, (b) ER, (c) MRG, (d) EIG, and (¢) WIG modes along the equator averaged
between 15°N and 15°S.

Fig. 7 Variance of the MJO mode along the equator averaged between (a) 15°N and 15°S, and (b) 5°N
and 5°S.

Fig. 8 Ratio between the MJO variance and the variance of its westward counterpart (westward
wavenumber 1-6, 30-70 day mode). The variances are averaged over (a) an Indian Ocean box between
5°N-5°S and 70°E-10°E, and (b) a western Pacific box between 5°N-5°S and 140°E-170°E.

Fig. 9 Lag correlation of the 30-70-day precipitation anomaly averaged along the equator between 5°N
and 5°S with respect to itself at 0°, 85°E. The three lines correspond to phase speed of 3, 7, and 15 m s™,
respectively.

Fig. 10 Normalized spectrum of the eastward wavenumber 1-6 component of equatorial precipitation
(5°N-5°S) at 0°, 85°E for two observational datasets and 14 models. Frequency spectral width is 1/100
cpd.

Fig. 11 Auto-correlation of precipitation at 0°, 85°E.
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685

686
687  Table 1 List of models that participate in this study
Institute IPCCID Label in | Gridpoint/ Deep convection Closure/
figures resolution/ scheme / Modification | Trigger
model top
Canadian Centre for Climate CanCM4 CanCM4 | Spectral/T63 x | Zhang & McFarlane | CAPE
Modelling and Analysis L35/1 hPa (1995)
(CCCma)
Canadian Centre for Climate CanESM2 | CanESM2 | Spectral/T63 x | Zhang & McFarlane | CAPE
Modelling and Analysis L35/1 hPa (1995)
(CCCma)
National Center for Atmospheric | CCSM4 CCSM4 Grid point/288 | Zhang & McFarlane | Diluted
Research (NCAR) x 200 x L26 (1995)/ Neale et al. CAPE
(2008)
Centre National de Recherches CNRM- CNRM- Spectral/T127( | Bougeault (1985) Moisture
Meteorologiques/Centre CM5 CM5 1.4°) x L91/10 convergence
Europeen de Recherche et hPa
Formation Avanceess en Calcul
Scientifique
(CNRM/CERFACS)
Commonwealth Scientific and CSIRO- CSIRO Spectral/T63 Gregory and Rowntree | Cloud base
Industrial Research Organisation | Mk3.6.0 (1.875°) x (1990)/Gregory (1995) | buoyancy
in collaboration with the L18/
Queensland Climate Change
Centre of Excellence
Institute for Numerical INM-CM4 INMCM4 | Grid point/180 | Betts (1986) CAPE
Mathematics (INM) x 120 x L21/
Institut Pierre-Simon Laplace IPSL- IPSL-5AL | Grid point/143 | Emanuel (1991) CAPE
(IPSL) CM5A-LR x 144 x .39/
Institut Pierre-Simon Laplace IPSL- IPSL- Grid point/143 | Emanuel (1991) CAPE
(IPSL) CM5A-MR | 5AM x 144 x .39/
Institut Pierre-Simon Laplace IPSL- IPSL-5BL | Grid point/96 | Grandpeix and Lafore
(IPSL) CM5B-LR x 96 x 139/ (2010)
LASG, Institute of Atmospheric | FGOALS-s2 | FGOALS | Specral/R42 x | Tiedtke (1989) / CAPE/
Physics, Chinese Academy of L26/2.19 hPa Nordeng (1994) Moisture
Sciences (LASG-1AP) convergence
Atmosphere and Ocean Research | MIROC4h MIROC4h | Specral/T213 | Pan and Randall (1998) | CAPE/
Institute (The University of Relative
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688

689

Tokyo), National Institute for (0.6°) x L56/ / Emori et al. (2001) humidity
Environmental Studies, and
Japan Agency for Marine-Earth
Science and Technology
(MIROC)
Atmosphere and Ocean Research | MIROC5 MIROC5 | Specral/T85 Chikira and Sugiyama CAPE
Institute (The University of (1.4°) x (2010)/ Pan and
Tokyo), National Institute for L40/0.003 hPa | Randall (1998)
Environmental Studies, and
Japan Agency for Marine-Earth
Science and Technology
(MIROC)
Japan Agency for Marine-Earth | MIROC- MIROC-E | Specral/T42 Pan and Randall (1998) | CAPE/
Science and Technology, ESM (2.8°) x / Emori et al. (2001) Relative
Atmosphere and Ocean Research L.80/0.003 hPa humidity
Institute (The University of
Tokyo), and National Institute
for Environmental Studies
Japan Agency for Marine-Earth | MIROC- MIROC- | Specral/T42 Pan and Randall (1998) | CAPE/
Science and Technology, ESM- EC (2.8°) x / Emori et al. (2001) Relative
Atmosphere and Ocean Research | CHEM L.80/0.003 hPa humidity
Institute (The University of
Tokyo), and National Institute
for Environmental Studies
Met Office Hadley Centre HadCM3 HadCM3 | Spectral /T42 Gregory and Rowntree | Cloud base
(MOHC) x L19/ (1990) buoyancy
Met Office Hadley Centre HadGEM2- | HadG2- Grid point/192 | Gregory and Rowntree | Cloud base
(MOHC) CcC CcC x 145 x .38 (1990) buoyancy
Met Office Hadley Centre HadGEM2- | HadG2- Grid point/192 | Gregory and Rowntree | Cloud base
(MOHC) ES ES x 145 x .38 (1990) buoyancy
Max Planck Institute for MPI-ESM- MPI-E-L | Spectral/T63 x | Tiedtke (1989) / CAPE/
Meteorology (MPI-M) LR L47/0.01 hPa Nordeng (1994) Moisture
convergence

Meteorological Research MRI- MRI3 Spectral/T42 x | Pan and Randall CAPE
Institute CGCM3 L46/0.01 hPa | (1998)
Norwegian Climate Centre NorESM1- | NroE1-M | Grid point/ Zhang & McFarlane | Diluted
(NCC) M 1.9° x 2.5°% (1995)/ Neale et al. CAPE

L26 (2008)
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(a) Mean_15N15S All

1 4 [ — Obs(GP) — CSIRO MIROC4h —— HodG2-ES ]
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Fig. 1 Annual mean precipitation along the equatorial belt averaged between (a) 15°N and 15°S, and (b) 5°N and
5°S for two observational datasets and 20 models. The data are smoothed zonally to retain only wavenumber 0-6.
The locations of continents within the equatorial belt are indicated by black bars under the abscissa.
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696 Fig. 2 Variance of the 2-128 day precipitation anomaly along the equator averaged between (a) 15°N-15°S, and (b)
697  5°N-5°S.

32



698

699
700

Fig. 3 Space-time spectrum of 15°N-15°S symmetric component of precipitation. Frequency spectral width is

1/128cpd.
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715 Fig. 6 Variances of (a) Kelvin, (b) ER, (c) MRG, (d) EIG, and (e) WIG modes along the equator averaged between
716  15°N and 15°S.
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720 Fig. 7 Variance of the MJO mode along the equator averaged between (a) 15°N and 15°S, and (b) 5°N and 5°S.
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Fig. 8 Ratio between the MJO variance and the variance of its westward counterpart (westward wavenumber 1-6,
30-70 day mode). The variances are averaged over (a) an Indian Ocean box between 5°N-5°S and 70°E-10°E, and

(b) a western Pacific box between 5°N-5°S and 140°E-170°E.
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Fig. 9 Lag correlation of the 30-70-day precipitation anomaly averaged along the equator between 5°N and 5°S with
respect to itself at 0°, 85°E. The three lines correspond to phase speed of 3, 7, and 15 m s, respectively.
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Fig. 9 (Continued)
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Fig. 9 (Continued)
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738 Fig. 10 Normalized spectrum of the eastward wavenumber 1-6 component of equatorial precipitation (5°N-5°S) at
739  0°, 85°E for two observational datasets and 14 models. Frequency spectral width is 1/100 cpd.

740

741

49



742

743

744

Auto—correlation

— Obs(GPI)

| — — Obs(100)

= ConESM2

= = ConCM4

== CCSM4

==+ CNRM-CM5

= CSIRO
= = INMCM4

=+ = IPSL-5AL

—+ IPSL-5AM

IPSL-5BL

FGOALS

MIROC4h
MIROCS
MIROC-E

MIROC-EC

HodCM3

HodG2-CC

—— HodG2-ES
- = MPI-E-L
— .= MRI3

==+ NorE1-M

o] 4

5

Lag (days)

Fig. 11 Auto-correlation of precipitation at 0°, 85°E.
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